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Abstract
Previous studies report detection of high concentrations of circulating nucleic acids (CNAs), which are likely related to cell
apoptosis, in the plasma of patients with cancers, stroke, trauma, and relapsing-remitting multiple sclerosis. However, the
relationship between Alzheimer’s disease (AD) and CNAs is unclear. A total of 36 adult participants (9 non-demented controls
and 27 patients with AD) and patients with mild AD, who met the criteria for probable AD, were enrolled in the present study,
which was conducted at the Department of Neurology of National Cheng Kung University Hospital. The CNA levels were
increased in the plasma of patients with AD, culture medium of amyloid-β-treated SH-SY5Y cells, and plasma from a mouse
model of AD. The CNA concentrations in the plasma were positively correlated with the cognitive scores. Further, CNAs in
patients with AD contained neuronal tissue-specific methylated LHX2, at CpG sites 1 and 5. These results showed that the
increased levels of plasma CNAs could be related to neuronal cell death that was induced byβ-amyloid toxicity. Thus, the results
suggested that the levels of plasma CNAs and LHX2 methylation might serve as potential biomarkers for the diagnosis of AD,
particularly during the early stages of the disease.
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Introduction

Alzheimer’s disease (AD) is the most common cause of de-
mentia in elderly populations throughout the world. Since AD
is a chronic and progressive disease, early diagnosis and in-
tervention can have a crucial role to prevent or slow the dete-
rioration of cognitive function in patients with AD [1, 2].
Thus, the development of sensitive diagnostic tools for the
early detection of AD is important.

Circulating nucleic acids (CNAs), which are extracel-
lular nucleic acids in peripheral plasma, serum, or lym-
phatic fluid, have been frequently studied and used in
cancer therapy and fetal diagnosis [3]. The levels of
cell-free nucleic acids are related to cell death [4].
Moreover, the CNA levels have been studied in acute
illnesses, such as myocardial infarction [5], stroke [6],
physical trauma [7], burns [8], and relapsing-remitting
multiple sclerosis [9].
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Several studies, which examined variations in region-
and cell-specific gene expression in the mouse [10–12]
and human postmortem brain [13], demonstrated substan-
tial brain region-specific transcription and methylation
[14]. These findings supported the notion that DNA meth-
ylation is a major determinant of the functional specializa-
tions of specific regions or cell types. Intriguingly, the LIM
homeobox 2 (LHX2) gene exhibits a higher percentage of
methylation of the CpG islands, specifically in the brain,
compared to the percentage in other non-neuronal tissues
[15].

Since cell apoptosis increases the CNA levels [16, 17], we
hypothesized that, given the atrophy of neuronal tissue in pa-
tients with AD, their levels of plasma CNAs would be in-
creased, compared to those in healthy controls. Thus, we in-
vestigated the CNA levels and the status of brain-specific
methylation of LHX2, as epigenetic markers, in the peripheral
blood, to clarify their use as approaches for detection of early
disease progression in AD.

Materials and Methods

Cell Cultures

The human neuroblastoma cell line (SH-SY5Y) was cultured
as previously described [18]. Briefly, the cells were incubated
in Dulbecco’s modified Eagle medium (Thermo Fisher
Scientific Inc., Waltham, MA, USA) containing 10% fetal
bovine serum (EMD Millipore Corporation, Billerica, MA,
USA) and 1% penicillin/streptomycin and then maintained
in a humidified incubator (5% CO2, 37 °C). When the cells
had grown to 80% confluence, the medium was replaced with
fresh medium containing 10 μM of aggregated Aβ and incu-
bated for 3 days. The aggregated Aβ was prepared from a
solution of 10 μM of soluble Aβ1–42 (Sigma-Aldrich
Corporation, St. Louis, MO, USA) in 0.01 M phosphate-
buffered saline (pH 7.4). The culture medium was collected
for further study.

Animals

The animals were kept in a ventilated room under controlled
conditions of 12/12-h light/dark cycle and temperature (22 ±
2 °C). The animals were given access to food and water ad
libitum. This study was approved by the University
Institutional Animal Care and Use Committee of National
Cheng Kung University (NCKU). The experimental proce-
dures for handling the mice were in accordance with the
guidelines of the Institutional Animal Care and Use
Committee of NCKU. Two different AD mouse models were
used in this study. The acute Aβ-induced model was generat-
ed according to a previous protocol [18]. Briefly, the animals

were anesthetized by intraperitoneal injections of 40 mg/kg of
sodium pentobarbital. After the appropriate tests for residual
anesthetization, each animal was placed in a stereotaxic appa-
ratus.Microinjections of aggregated Aβweremade bilaterally
into the dorsal hippocampus using a 26-gauge needle connect-
ed to a 10-μL microsyringe (Hamilton Robotics, Reno, NV,
USA) at the following coordinates: 2 mm posterior to the
bregma, ± 1 mm bilateral from the midline, and 1.8 mm from
the surface of the skull. The total volume of the injection was
1 μL of aggregated Aβ or 1 μL of artificial cerebrospinal fluid
(aCSF) at an injection rate of 1 μL/min. To allow for the
diffusion of the aggregated Aβ into the surrounding tissue,
the needle was left in place for an additional 5 min and then
withdrawn slowly. The mice were returned to their cases for
7 days to allow for the development of the AD symptoms. The
chronic AD mouse model used Tg2576 mice that were pur-
chased from Taconic Biosciences, Inc. (Hudson, NY, USA).
The Tg2576 mice contained the amyloid precursor protein
double mutations of K670N/M671L that were driven by the
hamster prion promoter to B6SJL F1 mice [19]. At the desig-
nated time points, peripheral blood was collected into tubes
containing heparin and centrifuged at 1800×g for 10 min.
Plasma was collected for further analysis.

AD Patients and Non-demented Controls

All studies were approved by the Institutional Review Board
of NCKU Hospital, and all participants and their parents gave
written informed consent. All methods were performed in ac-
cordance with the relevant laboratory/clinical guidelines and
regulations. Approval was obtained to conduct a prospective
study to investigate the role of CNAs in the diagnosis and
prognosis of patients presenting with AD. Patients with very
mild AD who met the criteria of the National Institute of
Neurological and Communicative Diseases and Stroke/
Alzheimer’s Disease and Related Disorders Association for
probable AD from the Department of Neurology of NCKU
Hospital were enrolled in the study [20]. The Clinical
Dementia Rating (CDR) score in the patients with AD was
0.5 [21]. The cognitively intact non-demented controls with
no family history of AD were randomly selected from the
outpatient clinics. These subjects underwent complete neuro-
logic and physical examinations as well as a Mini-Mental
Status Examination (MMSE) and Cognitive Ability
Screening Instrument (CASI) assessment. Participants with
evidence of stroke, diabetes, trauma, autoimmune disorders,
or known malignancy were excluded from the study. The in-
clusion and exclusion criteria for each group are summarized
in Supplemental Table S1. Human peripheral blood was col-
lected into tubes containing heparin on the same day as the
neurologic examination, and plasma was obtained for further
study.
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Extraction and Quantification of CNAs

CNAs were extracted with the QIAamp Circulating Nucleic
Acid kit (QIAGEN GmbH, Hilden, Germany) according to
the manufacturer’s instructions. The purified CNAs were elut-
ed in a final volume of 50μL of sterile water and then stored at
− 20 °C. The CNAs from the culture medium or animals were
quantified by semi-quantitative PCR for the β-globin gene.
The primer set for CNA amplification in the culture medium
included the forward primer 5′-TCCTGAGGAGAAGT
CTGCCGTTA-3 ′ and r eve r s e p r ime r 5 ′ -TCCC
CAAAGGACTCAAAGAACC-3′. The amplification primers
for the mouse were the forward primer 5 ′-GTGC
ACCTGACTGATGCTGAGA-3′ and the reverse primer 5′-
GGTCTCCAAAGCTATCAAAGT-3′. The data are presented
as relative CNA levels normalized to the vehicle controls or
wild-type mouse. The human CNAs were quantified by the
real-time quantitative PCR method for the β-globin gene. The
sequences of the primers used for the PCR were as follows:
forward primer 5′-TGGTGCACCTGACTGATGCT-3′, re-
verse primer 5′-ACTTCATCGGCGTTCACCTTT-3′, and
the FAM dye-labeled minor groove binder probe 5′-AGAA
GGCTGCTGTCTC-3′. The fluorogenic PCRs were per-
formed using the StepOnePlus Real-Time PCR system
(Thermo Fisher Scientific Inc.). The calibration curve of each
plate was calculated based on a dilution series of the plasmid
that carried the insertion of the PCR product from the real-
time PCR system for the human β-globin gene at 9 × 106, 9 ×
104, 4.5 × 102, 225, 56.25, 28.12, and 14.06 copies. Standard
blank samples of water were used as the negative control, and
the patient samples were amplified in duplicate and analyzed
in three independent experiments. The quantitative results
were expressed as kilogenome-equivalents per liter, as de-
scribed previously [22]. One genome-equivalent was defined
as the amount of a target sequence contained in a single dip-
loid human cell.

Cognitive Function Tests

The scores on theMMSE range from 0 (severe impairment) to
30 (no impairment) [23]. A MMSE score above 27 is consid-
ered to reflect normal cognition [20]. The CASI has frequently
been used as a dementia screening tool. The current scoring
system for the CASI involves summing the scores from each
of the nine domains to obtain a total score (CASIT), which
ranges from 0 to 100 [24]. Higher scores indicate better cog-
nitive ability. If the subtracted cutoff scores from the CASIT
score (CASIT-cutoff) were more than zero, cognitive function
was identified as normal. An earlier study has demonstrated
that assessments of the combined short-term memory and ori-
entation domain scores (CASIR) in the CASI test were more
effective than using CASIT for dementia screening [25].

Pyrosequencing

To analyze the methylation of LHX2, we used the quantita-
tive methylation analysis to determine DNA amounts after
the whole bisulfitome amplification method [26]. Human
CNAs were modified by treatment with sodium bisulfite
according to the manufacturer’s instructions for the bisulfite
conversion kit (QIAGEN GmbH). The converted samples
were stored at − 20 °C. Genome-wide amplification of the
plasma CNAs was performed using the Whole Bisulfitome
Kit (QIAGEN GmbH). To quantify the percentage of meth-
ylated cytosine in individual CpG sites, bisulfite-converted
CNAs that were subjected to genome-wide amplification
were pyrosequenced using a pyrosequencing system
(QIAGEN GmbH) according to the manufacturer’s stan-
dard protocol . The PCR primers were 5 ′ -AGTT
TTTTTTTTTATGGTTTTTATAGG-3′ (forward) and the
3′-biotinylated reverse primer 5′-CAATAAACCAAACT
ATCCTTCAT-3′. The PCR products then underwent pyro-
sequencing analyses. The primer used for pyrosequencing
was 5′-GTTGTTATTTGGGTATTT-3′, which was designed
to probe a series of five CpG dinucleotides in LHX2. The
methylation values at single CpG positions were assessed
using PyroMark Q24 1.0.10 software.

ImageJ

The optical density of the β-globin bands was quantified
using ImageJ software (https://imagej.nih.gov/ij/). The
protocol can be found at http://www.yorku.ca/yisheng/
Internal/Protocols/ImageJ.pdf.

Statistics

The data are expressed as mean ± standard error of the mean.
The statistical analysis was performed using SPSS software
(IBMCorporation, Armonk, NY, USA) or Prism 5 (GraphPad
Software, Inc., La Jolla, CA, USA) to identify significance (p
< 0.05). Non-normally distributed data were analyzed using
the Mann-Whitney U or Kruskal-Wallis non-parametric tests.
Correlation analyses between the plasma CNAs and variables
were performed using Spearman’s rank correlation
coefficients.

Data Availability

All data generated or analyzed during this study are included
in this published article and its Supplementary Information
files or are available from the corresponding author on reason-
able request.
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Results

Aggregated Aβ42 Increased the Levels of CNA
in SH-SY5Y Cells and Tg2576 Mice

Higher levels of CNA are thought to result from their in-
creased release after cell apoptosis. Thus, we examined the
toxic effects of amyloid-β (Aβ) on cell death and CNAs pro-
duction in vitro. We incubated SH-SY5Y cells with 10 μM of
aggregated Aβ for 72 h to induce cell death (Fig. 1a). CNA
levels were measured in the culture medium using semi-
quantitative polymerase chain reaction (PCR). Compared with
the vehicle control treatment, CNA levels were significantly
increased after aggregated Aβ treatment (Fig. 1b; *p < 0.05).

To examine the effects of aggregated Aβ on plasma CNAs,
we examined the levels of CNA in the following two mouse
models of AD: an acute AD mouse model and Tg2576 mice,
to monitor AD-like feature development and AD disease pro-
gression, respectively. The levels of plasma CNAs were sig-
nificantly increased in the Aβ-injected mice compared with
artificial cerebrospinal fluid (aCSF)-injected mice in the acute
AD mouse model (Fig. 1c; *p < 0.05). To further confirm that
CNA level accompanies AD pathogenesis, we measured the
CNA levels during disease progression in Tg2576 mice. We
collected mouse plasma from the facial vein of mice of differ-
ent ages. We noted that the CNA levels increased progressive-
ly, peaking at 6–8 months (Fig. 1d; *p < 0.05, **p < 0.01).
This period coincided with the onset of memory decline and
was prior to the formation of Aβ plaques, which occurred at
12 months. These results suggested that the levels of plasma
CNAs were increased by the neurotoxicity of Aβ, which in-
dicated that Aβ has cytotoxic effects, even during the early
loss of neuronal function.

Patients with AD

Previous studies demonstrated that the levels of plasma CNAs
are high in patients with various diseases [27, 28]. Thus, we
excluded all patients with comorbidities (Supplemental Table
S1) to limit any confounding effects of other diseases. The
clinical characteristics of the 36 adult participants who were
enrolled in our study are shown in Supplemental Table S2.
Cognitive function was tested using the Mini-Mental State
Examination (MMSE) or Cognitive Ability Screening
Instrument (CASI) total (CASIT). The scores of the patients
with AD were lower than those of the controls (Supplemental
Table S2; ***p < 0.0001). Since CASI scores were signifi-
cantly associated with an individual’s level of education, the
participants were stratified with different cutoff scores, ac-
cording to their educational level. The cutoff scores that were
subtracted from the CASIT score (CASIT-cutoff) indicated that
patients with AD in the present study had cognitive
dysfunction.

CNAs in Patients with AD

To precisely quantify the levels of plasma CNAs in patients
with AD, we developed a real-time quantitative PCR protocol
for detection of β-globin CNAs with size about 70 bp
(Supplemental Fig. S1). The CNA concentrations in the con-
trol group were significantly lower than those in the patient
group (Fig. 2a; 1852 ± 861.7 vs. 41,831 ± 25,204 kilogenome-
equivalents/L, **p < 0.01). These results suggested that the
plasma CNA concentrations were significantly increased in
patients with AD compared with non-demented controls. To
further examine if the concentrations of plasma CNAs could
act as a diagnostic predictor, a receiver-operating characteris-
tic (ROC) curve analysis was performed to assess the diag-
nostic accuracy of AD at different plasma CNA concentra-
tions (Fig. 2b). The area under the curve (AUC) was 0.807
(excellent discrimination), and the 95% confidence interval
(CI) was 0.657–0.956. At a plasma CNA concentration cutoff
of 4, 161.31 kilogenome-equivalents/L, the optimal sensitivity
and specificity were 67% (95% CI, 46.04–83.48%) and 89%
(51.75–99.72%), respectively. Moreover, we divided the par-
ticipants into two groups of higher and lower concentrations
of plasma CNAs (optimal cutoff = 161.31 kilogenome-equiv-
alents/L), and calculated the odds ratios (Supplemental Tables
S3 and S4). The odds ratio for AD was 16, and the ratio of
cognitive impairment was 8. These results indicated that
higher concentrations of plasma CNAs were strongly associ-
ated with AD or cognitive impairment.

The CNA concentrations of all of the participants and
those in the AD group did not correlate with any clinical
parameters (Supplemental Tables S5 and S6) or cognitive
function test scores (Fig. 3a). Cognition is defined as be-
ing free of dysfunction when the CASIT-cutoff score is
higher than zero. Therefore, we compared the concentra-
tions of plasma CNAs in patients with AD and normal
cognition (CASIT-cutoff score > 0; Table 1) with those
of the control participants. Patients with AD and normal
cognition had higher concentrations of plasma CNAs
(Fig. 3b; *p < 0.05). We confirmed this correlation with
the CASI-combined short-term memory and orientation
domain scores (CASIR); we demonstrated that the concen-
trations of plasma CNAs in patients with AD and normal
cognition (CASIR > 22.5; Table 1) were greater than those
of control participants (Fig. 3c; *p < 0.05). Patients with
AD were further classified according to dementia severity
(mild or moderate to severe), with a cutoff score of 10
[29]. Intriguingly, the levels of plasma CNAs increased
gradually according to dementia severity and peaked in
patients who were classified as having mild or moderate
cognitive impairment (Fig. 3d; *p < 0.05). Further, we
confirmed the correlation between plasma CNA concen-
trations and dementia severity. The patients were classi-
fied according to their MMSE score as having normal
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Fig. 1 Aggregated Aβ42 increases the amount of circulating nucleic acids
(CNAs) released in vitro and in vivo. a The photographs show SH-SY5Y
cells that were treated with vehicle or aggregated Aβ. Note that Aβ that
was aggregated for 72 h induced the cell death of the SH-SY5Y cells.
Scale bar = 100 μm. b The CNAs were purified from the culture medium
of the SH-SY5Y cells and analyzed forβ-globin gene. Note that the CNA
levels in the SH-SY5Y cells were significantly increased after treatment
with aggregated Aβ compared with treatment with vehicle control. The
data are expressed as the mean ± standard error of the mean (SEM). n = 4
in Aβ (−) and n = 6 in Aβ (+). Mann-Whitney U test, *p < 0.05. c The
CNAs were extracted from the plasma of the mice that were injected with

artificial cerebrospinal fluid (aCSF) or aggregated Aβ. Note that the
levels of the CNAs were higher in the Aβ-injected mice than in the
aCSF-injected mice. The data are expressed as the mean ± SEM. n = 8.
Mann-WhitneyU test, *p < 0.05. dCNAswere extracted from the plasma
of Tg2576 mice and analyzed through semi-quantitative PCR. Note that
the CNA levels increased and peaked at 6–8 months. The data are
expressed as the mean ± SEM. n = 15 in wild type (WT), n = 19 in 2–
5months (M), n = 26 in 6–8M, n = 25 in 9–12M, and n = 18 in 15–18M.
The relative amount of CNAs at the indicated age was normalized with
that of the wild-type mice. *p < 0.05; **p < 0.01 by Kruskal-Wallis test

Fig. 2 Plasma CNA levels were increased in the patients with
Alzheimer’s disease (AD). a The CNA levels were quantified using
real-time absolute quantitative PCR. The quantitative results are shown
as kilogenome-equivalents per liter. One genome-equivalent per liter was
defined as the amount of a target sequence contained in a single diploid
human cell per 1 L of plasma. The data are expressed as mean ± SEM.
The sample sizes were 9 in the control group and 27 in the AD group. The

CNA levels were significantly increased in the AD patients compared
with the non-demented controls (**p < 0.01, Mann-Whitney U test). b
A receiver-operating characteristic (ROC) curve of the detection of the
plasma CNAs in the AD patients. The area under the ROC curve was
0.807 for distinguishing AD patients from non-demented control
individuals

2444 Mol Neurobiol (2019) 56:2440–2449



cognition (score, 27–30), mild cognitive impairment
(MCI; score, 21–26), or moderate cognitive impairment
(score, 10–20), as previously described [20]. Increasing
CNA concentrations were observed in patients with AD
who were categorized with MCI (Fig. 3e; *p < 0.05).

Fig. 3 The plasma levels of CNA are increased in subjects with AD
before the onset of cognitive dysfunction. a Spearman’s correlation
analysis between the CNA levels (shown as a log10 scale) and cognitive
function [defined as the Cognitive Ability Screening Instrument total
(CASIT)-cutoff score] in all subjects. The circles represent the non-
demented controls, and the filled triangles represent the AD patients.
The plasma levels of CNA in the AD patients and normal cognition
were higher than those of the non-demented controls despite the

CASIT-cutoff score (b) or CASI of the combined short-term memory
and orientation domain scores (CASIR) score (c). d, e Comparison of
the CNA levels between the non-demented controls and AD patients
who were stratified according to their cognitive function test scores.
Note that increased CNA levels were observed in the AD patients who
had mild cognitive impairment (MCI). The data are expressed as mean ±
SEM. *p < 0.05, Mann-Whitney U test in b and c; Kruskal-Wallis test in
d and e

Table 1 Spearman’s correlation analysis of the plasma levels of CNA
and cognitive function in patients with Alzheimer’s disease (AD)

Patients with AD Plasma CNA levels

Correlation coefficient p value

CASIT-cutoff

Difference > 0 (normal) 0.1538 0.6331

Difference < 0 (dysfunction) 0.526 0.044

CASIR score

Score ≥ 22.5 (normal) 0.2330 0.4436

Score < 22.5 (dysfunction) 0.5573 0.0384

CASIT Cognitive Ability Screening Instrument-total, CASIR Cognitive
Ability Screening Instrument-combined short-term memory and orienta-
tion domain scores

�Fig. 4 Highly methylated neuronal tissue-specific LHX2 was found in
plasma CNAs of AD patients. a, b A pyrosequencing analysis shows the
pattern of LHX2 methylation in non-demented controls (a) and AD
patients (b). The percentage of methylation in each CpG dinucleotide
was calculated using analysis software. There were five CpG sites
(CpG sites 1–5) in the analyzed sequence. c The levels of LHX2
methylation in CpG sites 1 and 5 in the AD patients were significantly
higher than those in the controls. The data are expressed as mean ± SEM.
*p < 0.05, Mann-Whitney U test

Mol Neurobiol (2019) 56:2440–2449 2445
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Highly Methylated Neuronal Tissue-Specific LHX2
Gene Was Found in the Plasma CNAs of Patients
with AD

To investigate whether the increased CNA concentrations ob-
served in patients with AD resulted from neuronal tissue de-
struction, we examined the methylation profile of LHX2 in the
CNAs (Fig. 4a, b). We selected six individuals from each
group and used a pyrosequencing technique to examine the
192-bp sequence of LHX2, which contains 10 CpG sites. We
found that CpG sites 1 and 5 of LHX2were highly methylated
in CNAs of patients with AD (Fig. 4c). These results sug-
gested that the increased plasma CNA levels in patients with
AD could be attributed to the destruction of brain cells.

Discussion

The results of the present study demonstrated that aggregated
Aβ-induced cell death correlated with increased plasma CNA
levels, before the formation of Aβ plaques due to Aβ accu-
mulation. The pyrosequencing data demonstrated that the per-
centage of methylated LHX2 in plasma CNAs from patients
with AD was higher than that from non-demented controls,
inferring that the upregulation of the loss of neuronal cells
enhanced the production of CNAs through cell apoptosis in
patients with AD. The results from the present study outline
potential for developing a new diagnostic method for early
disease progression of AD.

A previous study demonstrated that 10 μMof Aβ1–42 treat-
ment induced apoptosis in SH-SY5Y cells [30] and apoptotic
cells, but not necrotic cells, and released significantly more
DNA into the media compared with untreated cells [31]. We
also demonstrated that Aβ promoted the apoptosis of SH-
SY5Y cells (Fig. 1a). Further, CNA levels in the culture me-
dium of SH-SY5Y cells were increased after Aβ stimulation.
Notably, we found that the plasma CNA levels were signifi-
cantly increased in Tg2576 mice, with levels peaking at 6–
8 months (Fig. 1c). Previous studies reported that Tg2576
mice developedmemory deficits inmiddle age (6–14months),
with deficits caused by the extracellular accumulation of sol-
uble Aβ in the absence of amyloidosis [32]. In addition, other
in vitro studies reported that Aβ oligomers are more toxic to
cortical neurons than fibrillary Aβ. Oligomers induce apopto-
sis through a phospholipase C-mediated mechanism that in-
volves Ca2+ release from the endoplasmic reticulum [33]. Aβ-
induced apoptosis was abolished by pre-treatment with anti-
bodies against Aβ oligomers [34]. Thus, these findings dem-
onstrated that Aβ oligomers could arguably account for the
primary cause of neuronal cell death in AD. Therefore, our
findings in Tg2576 mice implied that higher levels of plasma
CNAs may represent the formation of Aβ oligomers and Aβ
oligomer-induced neuronal death in the brain. However, we

also found that CNAs were not increased in parallel to the
deterioration of cognitive dysfunction (Fig. 1d; Fig. 3d, e).
Previous studies reported that the half-life of CNAs in circu-
lation ranges between 15 min to several hours [4, 35].
Moreover, we can infer that plasma CNAs of Tg2576 mice
in the peak months reflect the beginning of neuronal cell death
and middle level of impaired cognitive function. Thus, regard-
less of the cognitive level of patients with AD, the mean CNA
concentration in AD populations was higher than those of
non-demented controls, especially in populations with MCI
or mild/moderate AD.

To address the question of how CNAs from the brain cross
the blood-brain barrier (BBB), a recent study identified that
DNAs within glioma-derived extracellular vesicles crossed
intact BBB and were able to be isolated from peripheral blood
[36]. This is perhaps the only evidence to date to address the
question about how cell-free DNAs cross the BBB by practi-
cal experiments without causing any brain damage. Another
study in our previous discussion also demonstrated the con-
centration of methylated cell-free plasma DNAs in patients
with relapsing-remitting multiple sclerosis (MS) was higher
than that of the healthy control [9]. MS is a chronic inflam-
matory disease of the CNS combined with oligodendrocyte
and neuronal injury. Just likeMS, AD belongs to neurodegen-
erative diseases characterized by Aβ-induced synaptic dys-
function, chronic neuroinflammation, and neuronal death.
Although the cellular origins of CNAs were not clearly iden-
tified, these evidences have given us a hint that pathological
neuronal death may cause elevated CNAs to be released from
apoptotic cells to the plasma through the BBB.

The mechanisms underlying the increases in the CNAs in
the plasma of patients with AD are still unclear. According to
accumulating evidence, apoptosis plays a major role in the
generation of CNAs [37–39]. This evidence is strengthened
by the size of the CNAs, which are primarily 180–200 bp,
which is in accordance with the characteristics of the
oligonucleosomal ladder in apoptotic cell death. In contrast,
DNA fragments larger than 10,000 bp are predominant in cells
undergoing necrosis [38]. Therefore, we can infer that the
upregulation of the loss of neuronal cells enhances the pro-
duction of CNAs through cell apoptosis in patients with AD.

We also used the levels of β-globin as a content marker of
CNAs. However, β-globin is found in all nuclear cell bodies.
Therefore, we cannot exclude the possibility that other pathol-
ogies associated with cell death or DNA release contributed to
increased plasma concentration of CNAs. To decrease the ef-
fects of any confounding factors in the experiment, we exclud-
ed cases with comorbidities (Supplemental Table S1). The
AUC of 0.807 indicated excellent diagnostic accuracy.

Methylation analyses of CNAs can now be used as a tool
for the detection of early cancer [26, 40, 41]. Methylation
plays an important role in carcinogenesis and tissue-specific
identity [42, 43]. Notably, LHX2 is highly methylated in
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neuronal tissues compared to non-neuronal tissues [15].
Detection of the methylation profile in LHX2 may indicate
the occurrence of neural tissue destruction and is suitable for
application in the diagnosis of brain disorders. The results of
our pyrosequencing analysis showed that the percentage of
LHX2 methylation in the plasma CNAs, particularly on CpG
sites 1 and 5, was higher in patients with AD than the percent-
age in non-demented controls (Fig. 4). Therefore, measuring
the levels of neuronal-specific methylation of CNAs may pro-
vide a new approach for the diagnosis of early AD
progression.

Conclusion

Our data demonstrated that the increased plasma levels of
CNAs were associated with cell death that was induced by
Aβ toxicity in models of AD, in vitro and in vivo, and in
patients, particularly at the early stage of the disease.
Additionally, we identified different levels of LHX2 methyla-
tion between non-demented controls and patients with AD.
Taken together, the increased levels of plasmaCNAs and higher
methylation status of LHX2 can serve as novel markers used for
the detection of neuronal damage in patients with AD.
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